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ABSTRACT

Electronic technique is described for extending the upper limit of
counting rates with Geiger-Mueller counters from the usual maximum of about
2500 counts per second to roughly 100,000 counts per second. A theory is
proposed to explain the counting process at these high rates and the ob-
served dependence of resolving power on counting rate.

The contents of the report include details of the design of a double
pulse generator working down to separations of about 0.3 microseconds, and a
scaling circuit capable of resolving about 1 megacycle per second of periodic
pulses. The latter unit may have application to other experiments, for
example, time measurement in ballistics problems.
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INTRODUCTION

Authorization. BuShips Project Order 384/46.

In the past, most experiments with Geiger counters, e.g. cosmic ray
measurements, involved counting rates of the order of 10 counts per second
or less. At rates as high as 200 to 300 counts per second the response of
a self quenching counter is generally a linear function of the incident
radiation intensity. Specifically, a counting system which has a resolving
power of 2500 counts per second fails to resolve 10 per cent of the true
number of pulses at a counting rate of 250 counts per second. Data taken
at these rates can be readily corrected according to probability law, and
the true intensity of radiation obtained. According to generally accepted
views 5000 counts per second is roughly the upper limit on counting rates
obtainable from a Geiger counter.

Recent applications of the Geiger counter for the measurement of high
radiation intensities, however, required the development of higher resolving
power counting systems. For example,in X-ray powder diffraction measurements
using a Geiger counter spectrometer, the intensities of diffraction lines
run as high as 2500 counts per second, thus making it desirable to have a
counting system capable of resolving of the order of 25,000 counts per second
in order to preserve a high degree of linearity.

The work described below demonstrated that such an improvement in
resolving power of a Geiger counting system could be obtained for rates up
to 10,000 counts per second, i.e., up to 10,000 counts per second the system
behaved as if the resolving power was 25,000 counts per second. It was
further shown that random rates as high as lO0,O00 counts per second were
obtainable, and a theory of counter action was proposed to explain these
results. Details are given below of the construction of amplifier, scaling
circuits, and testing methods, for counting at these high speeds.
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THEORETICAL DISCUSSION

In Plato 1, the fundamental circuit of a Geiger counter is shown.
The counter consists of a gas filled tube having a negatively charged cathode
and a positive wire anode connected in series with the resistor R. In the
present work we are concerned only with the fast, or vapor quenched, type of
counter. The negative pulses which appear on the wire may be detected by
capacitative coupling to either an oscilloscope or pulse amplification system.

The operating high voltage of the counter is of the order of 1000
volts, and is determined by placing a source of radietion near the tube and
slowly raising its potential until "counts" are observed. The voltage is
then set at about 100 volts above this threshold.

The counter pulses are corona discharges triggered by the formation
of ion pairs in the gas volume. These ion pairs may be produced by X-ray or
y-ray photoelectric absorption., Compton scattering, or pair production. The

momentary discharge can produce as many as 1010 electrons, or a current flow
of several microamperes, Most of the multiplication in the discharge is
realized within a distance comparable to the wire diameter, in which region
the electrons accelerated toward the anode obtain enough kinetic energy in
one mean free path to produce impact ionization. The development of the
Townsmudavalanche requires only a fraction of a microsecond. In the course
of this Townsend discharge formation, ultra-violet light of sufficient hard-
ness to create ion pairs in other parts of the tube is generated by recomb-
ination. The discharge is not confined to one region of the anode, but
spreads down the length of the wire leaving a heavy positive ion sheath sur-
rounding 1t, Luring the initial rush of electrons to the wire the positive
ions remain almost stationary. Their presence in the vicinity of the anode
reduces the field to the point where corona can no longer be maintained, and
according to generally accepted theories this space charge is entirely re-
sponsible for quenching the discharge, The positive ions by virtue of their
low mobility require about 500 gs to reach the cathode. The most abrupt
change in anode voltage occurs in the initial rush of electrons to the wire.
Thereafter the course of the voltage across the tube is a function of the
migration of the positive ions and the recovery time of the fundamental
circuit. The organic vapor plays an important role in the formation of the
discharge and in suppressing secondary emission at the cathode and consequent
reignition of the discharge, but a discussion of the details of these pro-
cesses is not essential to the interpretation of the results of the present
experiments,

At a certain critical separation of charge, i.e., after the ion sheath
has traveled a given distance from the wire, the field recovers sufficiently
so that corona discharges are again possible and the counting system can
record pulses, Stever± concluded that a well defined deadtime exists corre-
sponding to the spreading of the ion sheath to the critical distance, and that
no counts are detectable in this interval. His experiment, designed to illus-
trate this "deadtime", consisted of connecting the Geiger counter directly to
a triggered sweep oscilloscope and observing the pulse pattern. Following the
initiation of the sweep by a pulse from the counter no pulses were observed for
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a distance on the sweep of the order of 200 jus. At the end of this interval
he observed the foot of an envelope of pulses whose height increased with
increasing distance from the triggering pulse. This is illustrated in
Plate 2, figs. A and B, Stever deduced from these results that the maximum
possible counting rate is the reciprocal of the deadtime, or about 5000 counts
per second in the above case. The experiments described below show that the
above conclusion is valid only for small pulse amplification. While it is
certainly true that the field in the counter is reduced by space charge below
the minimum corona field ,it is still capable of supporting gas amplification
of the order of 10• to 107. It should be possible with sufficient amplifi-
cation in the external circuit to detect the small pulses that are formed in
the reduced field about the wire following a corona pulse. This would have
the effect of improving the linearity at low rates, i.e,, increasing the
resolving power, and at the same time would considerably raise the upper
limit of fast counting. These smaller pulses are localized discharges that
may require amplification as high as 1000 times for detection.

A simple experiment which cannot be accounted for in terms of the
"deadtime"' theory consists of attempting to realize the ultimate counting rate
as predicted by the "deadtime" theory (1/Td-^--5O00) by irradiating a Geiger
tube connected to a low gain amplifying system with very high y-ray inten-
sities. Instead of a value r\., 5000 counts per second being approached, a
value of the order of 3000 counts per second is attained, and thereafter the
counting rate rather sharply decreases to zero as the intensity of radiation
is further increased. The "deadtime" theory would explain the decrease in
counting rate as due to the decrease in pulse size to the point where it
finally becomes less than the discrimination level of the amplifier. Under
these conditions the counter tube is supposed to be producing about 5000 equal-
ly spaced pulses per second. This interpretation, however, is irreconcilable
with the fact that as one increases the intensity of radiation, the tube
current increases steadily and approaches an assymptotic limit. In a typical
tube this current may be 10 AA. If this current is to be accounted for by
only 5000 counts per second, a charge of 20 x 10-10 coulombs per pulse is
required. This is a value about twice that observed for the same tube at
low counting rates and is clearly impossible. All indications support the fact
that the small corona pulses, such as are found at the foot of the Stever
envelope are less than 1/100 of full value, i.e., the value of the charge per
pulse at low counting rates. In fact one would require a number of pulses
equal to the observedmaxrimum curreng divided by the charge per pulse (of
reduced size), or 10-/10-9/l00 = 10 per second to properly explain such a
tube current consistent with a reasonable pulse size.

Under the conditions of intense irradiation and fixed amplifier gain a
constant resolving power is not to be expected, for the space charge conditions
vary with radiation intensity. At high counting rates space charge introduces
two effects: f irst, the discharge pulse changes from the corona to the
localized type, and second, the effective sensitive volume is reduced.
Detection of the pulses by a counting system with a given amplitude and fre-
quency responsq must certainly result in producing a counting rate which
depends on radiation intensity in a complex manner,
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EXPERIMENTAL

It is first instructive to ascertain pulse shape or sharpness as a
function of the resistor R and high voltage. Experimental results are shown
in Plates 2 and 3, It should be observed that in all cases the rise time is
under a microsecond (though exaggerated in A and B of Plate 2), but that the
decay time is a direct function of R. In D of Plate 2 it can be seen that
the pulse duration can be made as small as 1 lis. If pulse width were the
only factor limiting resolution one would expect maximum counting rates of
the order of 100 per second.

Plate 2 also illustrates Stever's experiment, the envelope being in-
dicated by the dotted line. This experiment was performed here with the
modification of inserting a variable gain amplifier between the Geiger
counter, and the oscilloscope. For amplifications under 100, Stever's
pattern was reproduced, but as the gain and radiation intensity was increased
the deadtime interval filled with pulses. This observation verified the
hypothesis that impact ionization pulses could be observed provided suffi-
cient gain were used to amplify them. The amplifier employed in this ex-
periment was of the video type with a maximuni gain of 1000 and variable gain
control. Plate 4 shows a much simpler type of amplifier which is adequate
for high speed counting. The preliminary experiments to actually record the
high rates observed on the oscilloscope were performed using the simple
amplifier and conventional double triode scale units having a resolving time
of 12 its.

Assuming that pulses formed in reduced fields were detected by the
high gain amplifier it should have been possible to detect pulses at sub-
threshold operating voltages, at low counting rates. It was found that pulses
were detected as much as 100 volts below threshold, assuming threshold corres-
ponds to pulses of the order of one volt amplitude. Plate 5 shows the tube
current as a function of high voltage for a particular counter under constant
intensity of irradiation. T1 and T mark respectively the threshold for low
and high gain amplifying systems. in this case T2 was 80 volts below T1.

It was soon recognized that though the Geiger counter showed no signs
of saturation, the counting system could not be made to respond faster than
45,000 counts per second. To obtain still higher counting rates, it was
necessary to improve the resolving power of the scale units. This was apparent
since a scaler of resolving power 80,000 counts per second would pass only
40,000 counts per second of an 80,000 count per second random inputi and if
the random input rate were increased to 100,000 counts per second, the number
detected would increase to only 4L,500 counts per second. From these results
it was evident that a scaler of resolving power at least equal to 106 counts
per second would be required to achieve random counting rates of the order of
l05 per second.

For the purpose of testing various scale circuit models a fast double
pulse generator 2 was designed capable of testing resolving times less than
1 gs. The circuit diagram of this generator is shown in Plate 6, It produced
double pulses whose repetition rate (i.e., pair rate), amplitude, width and
separation could be conveniently controlled. The separation could be made
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as small as 1/3 as, or the equivalent of 3 megacycles per second.

With the aid of this test unit the scaler shown in Plate 7 was readily
constructed with a resolving power of about 1 megacycle per second. Three
such units were constructed and used in series ahead of the slower speed
double triode scale 1024. At a later time an improved unit capable of re-
solving 2 megacycles per second was designed, but not actually used in the
work here described. The method of testing was simply to apply the pulse
pairs to the scaler at a given repetition rate and wide separation. If the
scale unit resolved these double pulses, the output pulse rate was just equal
to the repetition rate since the pairs were scaled to unity. As the pulse
separation was reduced, a point was finally reached where the pairs affected
the scaler as though they were a single pulse. When this happened the output
of the unit suddenly fell to one half the repetition rate. The pulse separa-
tion at this point was equal to the scaler resolving time and could be
measured on a calibrated oscilloscope sweep.

It was necessary to insert at least three of the 1 megacycle per
second scale units between the amplifier and slow scalers to obtain a count-
ing rate of l05 per second. As the fast =nits were added their effect on
the observed counting rate became successively less profound. For instance
the counting rate in thousands per second obtained by applying the ten slow
scale stages first directly to the amplifier and then in succession to the
various fast stages gave in one case the series:

45, 78, 93, 102

A block diagram of the arrangement of our apparatus for recording these high
rates is shown in Plate 8. Three fundamental requirements should be noted:
(1) extreme differentiat'on in the input circuit, (2) high gain, high fre-
quency amplification (10 -14), and (3) high resolving power scaling units.
For purposes of insuring proper electronic action of these circuits, it was
required that low counting rate values be independent Qf amplifier gain. As
a further check, the output from the amplifier was observed again on a
triggered sweep oscilloscope and found to give a random pattern. That is,
no ringing or periodicity was observed.
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DISCUSSION OF DATA

The fundamental data of counting rate as a function of radiation in-
tensity for different counter high voltages is shown in Plate 9. The
results were obtained by applying the addition method with two radium sources.
In the interesting high counting rate region for the curves at normal operat-
ing potentials, i.e. A, B, and C, it will be observed that they are straight
lines on a log-log plot, and obey an equation of the type:

R = R0 13/5

where "R" is the counting rate at intensity fiI" aiid ".Ro" the counting rate
at unit intensity. For curve "A" this equation becomes:

R = 7 x 10 3 1 3/5 subject to I> 2

This power law follows from the fact that the slope of these lines is 3/5.
It is further of note that in this same region the resolving power, Rmax, is
not constant, but directly proportional to the instantaneous rate, R. For
these curves it follows a law:

Rm R

This is readily deduced from the fact that the fraction of counts lost at
any time, R/Rm, is equal to the difference between a 450 slope qnd the
actual slope. That is:

R 2 or Rm

R 5 
2

In general, if "k" is the slope of a counting rate vs. radiation intensity
curve on a log-log plot:

R - .R
1-k

Perfect linearity is also represented by a straight line on the above
plot, but must slope at tafr 1, i.e., at 450 (since then R = Ro I). A
constant resolving power curve, however, is not a straight line on this
coordinate scheme. The shapes of the curves indicate constant resolving
power only below 10,000 counts per second (the foot of the straight line
portion of the curve:. From curve "A." at 10,000 counts per second-

R - 5 103 _ 25 x 103 /sec.m2

At 5000 counts per second the slope increases to 4/5, but again:

RM F 7  5 x 103 25 x 103/sec.
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To a close approximation this saturation figure wý-s maintained down to the
very low rates, not indicated in Plate 9. Above 10,000 counts per second the
resolving power advanced ahead of the counting rate in the manner outlined
rýbove. Lt any counting rate it ap eared that 40 per cent of the counts were
lost (since R/Fm = 2/5 = .4 or 40%5.

The charge per pulse as a function of counting rate is also shoiM
in Plate 10. Several points are noteworthy. For low counting rates the
charge per pulse was large and approximately constant. As the rate in-
creased this value gradually diminished and the curve eventually assumed a,
negative 1,50 slope. This is to say the charge per pulse varied as:

R

which for the straight portion of curve "All was;

.3 X 10-6 subject to R > 201000/sec.

R

Actually, at the very high rates (, > 90,000 counts per second) the tube
current began to fall off a little. Undoubtedly under these conditions
large pulses are no longer present.
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DISCUSSION OF RESULTS

The use of a hiý:h gain amplification counting system made possible
the operation of a counter tube in a combination of the Geiger counting and
proportional counting regions. The net effect was to improve the resolving
power and cos3equently the linearity at low rates by a factor of 10. It
was further possible to obtain counting rates better than 100,000 per
second. Greater amplifier gain coupled with increased scaling circuit re-
solving power (both within limits attainable by modern electronic techniques)
should make it feasible to count at rates of the order of 1 megacycle per
second.
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